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Introduction {#jah31617-sec-0005}
============

Cardiovascular disease is the leading cause of morbidity worldwide.[1](#jah31617-bib-0001){ref-type="ref"} Although 3‐hydroxy‐3‐methylglutaryl coenzyme A reductase inhibitor (statin) therapy significantly reduces overall mortality, substantial differences in individual clinical response of low‐density lipoprotein (LDL) cholesterol to statin therapy are now well documented.[2](#jah31617-bib-0002){ref-type="ref"}, [3](#jah31617-bib-0003){ref-type="ref"} A better understanding of the factors modulating statin efficacy is essential for personalization of therapy for cardiovascular disease prevention.[4](#jah31617-bib-0004){ref-type="ref"}

Traditional clinical risk factors, blood parameters such as C‐reactive protein, and imaging biomarkers have been shown to contribute to an individual patient\'s risk assessment for future cardiovascular events.[5](#jah31617-bib-0005){ref-type="ref"}, [6](#jah31617-bib-0006){ref-type="ref"}, [7](#jah31617-bib-0007){ref-type="ref"}, [8](#jah31617-bib-0008){ref-type="ref"} For those treated with statins, identification of atheroma using imaging may be useful for direct assessment of the success or failure of therapy. Coronary artery calcium (CAC) score has been intensively studied in this regard, but multiple studies have shown either progression of CAC or lack of regression during treatment.[9](#jah31617-bib-0009){ref-type="ref"}, [10](#jah31617-bib-0010){ref-type="ref"} In contrast, longitudinal measurements of atherosclerotic plaque using intravascular ultrasound (IVUS)[11](#jah31617-bib-0011){ref-type="ref"} and carotid artery magnetic resonance imaging (MRI)[12](#jah31617-bib-0012){ref-type="ref"}, [13](#jah31617-bib-0013){ref-type="ref"}, [14](#jah31617-bib-0014){ref-type="ref"} have shown that these technologies can be used to assess change in atheroma during statin therapy.

Prior IVUS and MRI studies of the response to statin therapy have focused primarily on high‐risk patients with cardiovascular events or high degrees of plaque.[15](#jah31617-bib-0015){ref-type="ref"}, [16](#jah31617-bib-0016){ref-type="ref"} Prior studies have not assessed change of atherosclerosis in lower risk patients receiving statin therapy; small sample sizes have prevented assessment of factors that modify atheroma response to statins. The purpose of this study was to evaluate the change of atherosclerosis in the carotid artery wall in hyperlipidemic participants during the course of treatment with statins and to determine cardiovascular risk factors associated with change in extent of atherosclerosis.

Materials and Methods {#jah31617-sec-0006}
=====================

Study Design {#jah31617-sec-0007}
------------

This study complied with the Health Insurance Portability and Accountability Act and was approved by our institutional review board, and written informed consent was obtained from all participants. Study participants were evaluated at enrollment and after 12 months as part an ongoing study, "Randomized Trial of Imaging Versus Risk Factor‐Based Therapy for Plaque Regression" (ClinicalTrials.gov identifier NCT01212900). The main inclusion criteria were age ≥55 years and an indication for lipid‐lowering therapy based on Adult Treatment Panel (ATP) III guidelines.[17](#jah31617-bib-0017){ref-type="ref"} Main exclusion criteria were contraindication for statin therapy, use of nonstatin lipid‐lowering therapy, and ineligibility for MRI scan. Of note, carotid artery stenosis or plaque was not an inclusion criterion.

Clinical information, including age, sex, smoking status, family history, prior diagnosis of hypertension (or hypertension medication, systolic blood pressure \>145 mm Hg, or diastolic blood pressure \>90 mm Hg on spot measurements), and blood analysis results (including LDL, high‐density lipoprotein, triglycerides, and creatinine), was collected at baseline and at 12‐month follow‐up. As part of the protocol, study visits, which included an interview regarding side effects and medication adherence (self‐reported), occurred at baseline and at 3, 6, 9, and 12 months. Statin doses were adjusted to attain prespecified LDL values (target LDL \[\<70, \<100, or \<130 mg/dL\] was determined by ATP III guidelines[17](#jah31617-bib-0017){ref-type="ref"} or imaging result).

Image Acquisition {#jah31617-sec-0008}
-----------------

Carotid MRI was performed using techniques described previously.[18](#jah31617-bib-0018){ref-type="ref"} A 3‐T MRI scanner (Siemens Magnetom Verio; Siemens Medical Solutions) and a 4‐channel carotid artery phased array carotid coil (Machnet) were used for all participants. Isotropic 3‐dimensional time‐of‐flight noncontrast magnetic resonance angiography was performed to localize the carotid bifurcation and the internal carotid artery (repetition time 20 ms, echo time 3.5 ms, flip angle 18°).

Axial T1 and T2‐weighted black‐blood sequences (both with fat suppression) were acquired prior to the administration of intravenous contrast to determine arterial wall thickness. The slice locations included the proximal 10 mm of the internal carotid artery (5 slices with 2‐mm slice thickness, no slice gap) (Figure [1](#jah31617-fig-0001){ref-type="fig"}). In‐plane resolution was ≈0.5 mm. Black‐blood T1 scan parameters were as follows: repetition time 1 R‐R interval, echo time 23 ms, echo train length 5. In the same position, T2‐weighted axial slices with fat suppression were acquired in the same position as the black‐blood images (repetition time 2 R‐R intervals, echo time 76 ms, echo train length 8). Gadopentetate dimeglumine (Magnevist; Bayer) was administered at 0.1 mmol/kg and injected at a rate of 2 mL/s, and a contrast‐enhanced angiography of the carotid arteries was obtained. At 5 minutes after gadolinium administration, postcontrast T1 black‐blood sequences were acquired using the same slice positions and acquisition parameters as precontrast images, with the exception of the inversion time. Inversion times were reduced by 100 to 200 ms to compensate for the T1 shortening effect of blood after gadolinium administration.

![Assessment of carotid wall volume. A, Magnetic resonance angiography shows mild wall irregularity of the internal carotid artery. B, Representative axial slices show a region of wall thickening and plaque formation. C, The vessel boundaries were traced in multiple slices, and the volume was calculated. Three continuous axial slices are shown; 5 slices were acquired and analyzed to obtain the wall volume.](JAH3-5-e003621-g001){#jah31617-fig-0001}

Noncontrast computed tomography was obtained at baseline for calcium scoring using the Agatston[19](#jah31617-bib-0019){ref-type="ref"} method (Aquilon ONE, 120 kV, 140 mA, 3‐mm slice thickness; Toshiba). In a subset of participants, a follow‐up calcium score scan was performed.

Image Analysis {#jah31617-sec-0009}
--------------

Image analysis was performed using QPlaque 1.0.16 (Medis) (performed by V.S., a cardiologist with 5 years of experience in cardiovascular imaging). Images were analyzed blinded to the date of the MRI scan and the numerical volume results of the paired MRI scan. Images were aligned using the carotid bifurcation as a landmark. If severe deviation of the angle of the slices (defined as slice angle difference \>20° between MRI examinations, measured in reference to the magnetic resonance angiogram) was seen during alignment, the participant was excluded from the study. The wall of the internal carotid artery was segmented by manually selecting the vessel borders. Total wall volume measurements were made on the T1 precontrast images unless image artifact was present, in which case the T2 or postcontrast images were used. Correct definition of wall border was carefully confirmed on T2 and postcontrast T1 images, in which any unsuppressed blood signal in the lumen typically showed variation on various sequences as opposed to carotid wall and atheroma, which showed consistent thickness on various sequences. Interscan reproducibility for carotid wall volume measurement at 3 T was assessed previously[20](#jah31617-bib-0020){ref-type="ref"} and is excellent (coefficient of variance 5.7%).

Statistical Methods {#jah31617-sec-0010}
-------------------

Statistical analysis was performed with SAS version 9.4 (SAS Institute) and R version 3.0.3 (R Foundation for Statistical Computing). Summary statistics for continuous variables are reported as means with standard deviations or medians with interquartile ranges. The mean value of the left and right carotid artery measurement was used for further analysis. The wall volume measurements were categorized as progression (change \>0) or regression/no change (change ≤0).

The associations between clinical factors and carotid wall measurements were assessed with univariate analysis and multivariable logistic regression models. Atherosclerosis risk factors in model 1 (selected based on significant univariate associations) were obesity, statin dose, hypertension, and C‐reactive protein (CRP). Model 2 included model 1 covariates plus age and sex. The covariates were categorized using clinically accepted cut points (eg, obesity, high American Heart Association \[AHA\] risk status) or, if a generally accepted value was not available, at the median of the study population. In addition, a linear regression model was applied using percentage of carotid wall volume change as the dependent variable. Model 1 included covariates with significant associations in univariate analysis: obesity and hypertension. Model 2 included model 1 plus age, sex, and statin dose. We also stratified the body mass index (BMI) as normal weight (BMI \>18.5 and ≤25), overweight (BMI \>25 and ≤30), and obese (BMI \>30). The *P* values reported are 2‐sided. *P*\<0.05 indicated statistical significance. Participants with incomplete follow‐up data were excluded.

Results {#jah31617-sec-0011}
=======

Study Population Characteristics {#jah31617-sec-0012}
--------------------------------

Baseline and 12‐month follow‐up studies were available for quantitative analysis in 106 participants. Participant characteristics at baseline are shown in Table [1](#jah31617-tbl-0001){ref-type="table-wrap"}. The study population was predominantly male (63%). The median age was 65 years. No concurrent cerebrovascular disease was present. Relatively few participants had diabetes (10.4%) or a history of smoking (29%). The median BMI was 28. By BMI category, there were 25 (24%) normal‐weight, 54 (51%) overweight, and 27 (25%) obese participants. Hypertension was present in 51% of the participants, but blood pressure was reasonably well controlled (median systolic blood pressure 130 mm Hg, median diastolic blood pressure 72 mm Hg). The study population had a median Framingham risk score of 8%, indicating low to moderate risk. There were 4 cardiovascular events during the study (2 nonurgent coronary percutaneous coronary interventions, 1 diagnostic angiography for carotid artery aneurysm, and 1 elective surgery for aortic root aneurysm). Two of these events were actually symptom driven (non--acute coronary syndrome revascularization). This reflects the low‐ to moderate‐risk nature of the study population. Based on the inclusion criteria, all participants had an indication for lipid‐lowering therapy. The median equivalent statin dose at baseline was 40 mg simvastatin (based on equivalent doses[21](#jah31617-bib-0021){ref-type="ref"}). LDL levels during the study were reduced to 50% of the prior untreated LDL level (calculated) (Figure [2](#jah31617-fig-0002){ref-type="fig"}). Median LDL, high‐density lipoprotein, and total cholesterol levels on treatment were 74, 56, and 157 mg/dL, respectively. Of note, there was more LDL reduction in obese participants compared with nonobese participants (baseline versus 12‐month LDL difference −32.2 versus −13.9 mg/dL, respectively; *P*=0.014). There was no correlation between baseline carotid wall volume and statin dose (*P*=0.324). There was no significant difference in triglycerides at baseline and at 1‐year follow‐up (median 111 versus 100 mg/dL, respectively).

###### 

Baseline Clinical Characteristics of Study Participants

  Variable                                           Result
  -------------------------------------------------- -------------------
  Age, y                                             65 (60--69)
  Sex                                                
  Male                                               67 (63)
  Female                                             39 (37)
  Race                                               
  White                                              89 (84)
  Black                                              8 (7.5)
  Other                                              9 (8.5)
  Smoking (current or prior)                         31 (29)
  Diabetes                                           11 (10.4)
  Hypertension                                       54 (51.9)
  Prior diagnosis of CAD                             10 (9.4)
  Blood pressure                                     
  Systolic mm Hg                                     130 (121--136)
  Diastolic mm Hg                                    72 (67--80)
  BMI                                                28 (25--30)
  Creatinine, mmol/L                                 0.9 (0.8--1)
  LDL, mg/dL                                         94 (76--108)
  Triglycerides, mg/dL                               111 (77--144)
  CRP, mg/L                                          0.95 (0.48--2.22)
  Statin (simvastatin equivalent), median dose, mg   40 (20--40)
  Statin type, median dose                           
  Atorvastatin, 20 mg                                35 (33)
  Simvastatin, 40 mg                                 28 (26)
  Pravastatin, 40 mg                                 14 (13)
  Rosuvastatin, 10 mg                                13 (12)
  Lovastatin, 30 mg                                  4 (4)
  None                                               12 (11)
  Framingham CVD 10‐y risk, %                        8 (5--12)
  AHA 10‐y risk, %                                   11 (7--16)
  Baseline calcium score (Agatston)                  74 (1--478)
  Stroke/TIA within 6 months                         0 (0)

Clinical baseline characteristics of the 106 study participants are shown as number (percentage) or as median (interquartile range). AHA indicates American Heart Association; BMI, body mass index; CAD, coronary artery disease; CRP, C‐reactive protein; CVD, cardiovascular disease; LDL, low‐density lipoprotein; TIA, transient ischemic attack.
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![LDL cholesterol values at baseline and at 6 and 12 months. Statin‐naïve baseline values were calculated using the baseline LDL, statin dose, and expected LDL‐lowering effects.[21](#jah31617-bib-0021){ref-type="ref"} A, During the treatment protocol, a further decrease in LDL values occurred (\**P*\<0.01). B, Of note, the LDL reduction was more pronounced in obese participants (yellow) compared with nonobese participants (green). BL indicates baseline; LDL, low‐density lipoprotein.](JAH3-5-e003621-g002){#jah31617-fig-0002}

MRI Results {#jah31617-sec-0013}
-----------

MRI examinations were excluded for 10 participants (9%, 4 normal‐weight, 4 overweight, and 2 obese participants based on BMI) according to predefined criteria, and this resulted in 106 participants with complete data. Considering all included participants, there was progression of atherosclerosis in 46 (43%) and regression/no change in 60 (57%). The distribution of wall volume change is shown in Figure S1A.

Univariate Analysis and Visualization {#jah31617-sec-0014}
-------------------------------------

In univariate analysis, progression of atherosclerosis was positively associated with obesity (*P*=0.002), hypertension (*P*=0.03), and CRP (*P*=0.02), whereas there was an inverse relationship between progression and statin use (*P*=0.023) (categorized progression model in Table [2](#jah31617-tbl-0002){ref-type="table-wrap"}). Of note, CRP levels in obese participants were higher than in nonobese participants (median 1.84 versus 0.77 mg/L, respectively; *P*=0.00013 for correlation of CRP with BMI). No correlation was seen with other factors including the AHA 2013 risk score and baseline carotid wall volume (*P*\>0.05).

###### 

Univariate and Multivariable Logistic Regression Models Showing the Association Between Clinical Characteristics and MRI‐Measured Progression of Carotid Wall Volume

                               Categorized Progression Model                               Continuous Progression Model                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  ---------------------------- ----------------------------------------------------------- ---------------------------------------------- ----------------------------------------------------------- ---------------------------------------------- ----------------------------------------------------------- ----------------------------------------------- ----------------------------------------------------- ---------------------------------------------- ---------------------------------------------------- ---------------------------------------------- ---------------------------------------------------- ----------------------------------------------
  Obesity                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  BMI \<30 (n=79)              1 (Reference)[a](#jah31617-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  BMI ≥30 (n=27)               4.57 (1.83--12.38)[a](#jah31617-note-0004){ref-type="fn"}   0.002[a](#jah31617-note-0004){ref-type="fn"}   3.95 (1.49--11.28)[a](#jah31617-note-0004){ref-type="fn"}   0.007[a](#jah31617-note-0004){ref-type="fn"}   4.11 (1.52--11.99)[a](#jah31617-note-0004){ref-type="fn"}   0.0067[a](#jah31617-note-0004){ref-type="fn"}   6.422 (2.36)[a](#jah31617-note-0004){ref-type="fn"}   0.008[a](#jah31617-note-0004){ref-type="fn"}   5.60 (2.41)[a](#jah31617-note-0004){ref-type="fn"}   0.022[a](#jah31617-note-0004){ref-type="fn"}   5.29 (2.42)[a](#jah31617-note-0004){ref-type="fn"}   0.031[a](#jah31617-note-0004){ref-type="fn"}
  Statin dose, mg/day                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  \<40 (n=51)                  1 (Reference)[a](#jah31617-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  ≥40 (n=55)                   0.40 (0.18--0.87)[a](#jah31617-note-0004){ref-type="fn"}    0.023[a](#jah31617-note-0004){ref-type="fn"}   0.42 (0.17--0.99)                                           0.050                                          0.41 (0.17--0.98)[a](#jah31617-note-0004){ref-type="fn"}    0.0487[a](#jah31617-note-0004){ref-type="fn"}   −0.013 (0.025)                                        0.6                                                                                                                                                −0.007 (0.024)                                       0.776
  Hypertension                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  No (n=52)                    1 (Reference)[a](#jah31617-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Yes (n=54)                   2.39 (1.10--5.33)[a](#jah31617-note-0004){ref-type="fn"}    0.030[a](#jah31617-note-0004){ref-type="fn"}   1.81 (0.76--4.40)                                           0.182                                          1.97 (0.80--4.97)                                           0.142                                           4.25 (2.08)[a](#jah31617-note-0004){ref-type="fn"}    0.044[a](#jah31617-note-0004){ref-type="fn"}   3.142 (2.10)                                         0.137                                          3.63 (2.16)                                          0.089
  CRP, mg/L                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  \<0.95 (n=53)                1 (Reference)[a](#jah31617-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  ≥0.95 (n=53)                 2.56 (1.17--5.73)[a](#jah31617-note-0004){ref-type="fn"}    0.0[a](#jah31617-note-0004){ref-type="fn"}2    1.71 (0.71--4.14)                                           0.231                                          1.5 (0.60--3.77)                                            0.384                                           0.637 (0.344)                                         0.066                                                                                                                                                                                                   
  Sex                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  Women (n=39)                 1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  Men (n=67)                   0.60 (0.27--1.34)                                           0.213                                                                                                                                                     0.62 (0.24--1.60)                                                                                           −3.86 (2.17)                                          0.078                                                                                                                                              −3.97 (2.155)                                        0.068
  Age, y                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  \>65 (n=53)                  1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤65 (n=53)                   0.86 (0.40--1.85)                                           0.695                                                                                                                                                     0.69 (0.28--1.64)                                                                                           −0.029 (0.176)                                        0.870                                                                                                                                              0.015 (0.17)                                         0.928
  HDL, mg/dL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  \>50 (n=66)                  1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤50 (n=40)                   0.94 (0.43--2.08)                                           0.885                                                                                                                                                                                                                                                                 −0.010 (0.050)                                        0.84                                                                                                                                                                                                    
  TC, mg/dL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  \>180 (n=51)                 1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤180 (n=55)                  0.75 (0.35--1.62)                                           0.464                                                                                                                                                                                                                                                                 0.030 (0.02964)                                       0.315                                                                                                                                                                                                   
  Smoking habit                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  No (n=75)                    1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  Yes (n=31)                   1.33 (0.57--3.10)                                           0.506                                                                                                                                                                                                                                                                 1.502 (2.33)                                          0.521                                                                                                                                                                                                   
  SBP, mm Hg                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤130 (n=57)                  1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  \>130 (n=49)                 0.65 (0.30--1.42)                                           0.283                                                                                                                                                                                                                                                                 0.066 (0.076)                                         0.384                                                                                                                                                                                                   
  AHA risk                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  \<7.5% (n=38)                1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≥7.5% (n=68)                 1.38 (0.62--3.12)                                           0.435                                                                                                                                                                                                                                                                 −0.0159 (0.130)                                       0.903                                                                                                                                                                                                   
  LDL reduction                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  \>14.4% (n=53)               1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤14.4% (n=53)                0.73 (0.35--1.59)                                           0.434                                                                                                                                                                                                                                                                 3.44 (4.57)                                           0.453                                                                                                                                                                                                   
  Carotid wall volume, mm^3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  \>192 (n=53)                 1 (Reference)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ≤192 (n=53)                  1 (0.46--2.16)                                              1                                                                                                                                                                                                                                                                     −0.0088 (0.0175)                                      0.617                                                                                                                                                                                                   

Categorized progression model: Univariate and multivariable logistic regression models showing the association between clinical characteristics and MRI‐measured progression of carotid wall volume (categorized as progression or regression). In univariate analysis, obesity, high baseline statin dose, high CRP, and hypertension were associated with disease progression. In multivariable model 2 (including covariates of model 1 and age and sex), obesity (BMI ≥30) was significantly associated with progression, whereas higher statin dose was associated with regression. ORs are for progression of carotid wall volume. Covariates were collected at baseline. Model 1: obesity, statin dose, hypertension, CRP. Model 2: obesity, statin dose, hypertension, CRP, age, sex. Continuous progression model: Univariate and multivariable linear regression models showing the association between clinical characteristics and MRI progression of carotid wall volume modeled as percentage change from baseline. In univariate analysis, obesity and hypertension were associated with wall volume progression. In multivariate models (model 1 including obesity and hypertension and model 2 including significant covariates and the clinically relevant factors age, sex, and statin dose), only obesity remained significantly associated with wall volume progression. Covariates expressed as continuous variables: statin dose, CRP, age, HDL, total cholesterol, systolic blood pressure, AHA risk, LDL reduction, and carotid wall volume. AHA indicates American Heart Association; BMI, body mass index; CRP, C‐reactive protein; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; MRI, magnetic resonance imaging; OR, odds ratio; SBP, blood pressure; TC, total cholesterol..

*P*\<0.05.
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### Obesity {#jah31617-sec-0015}

The median percentage of change of carotid wall volume in participants with and without obesity was +4.8% and −4.2%, respectively (*P*\<0.05) (Figure [3](#jah31617-fig-0003){ref-type="fig"}, upper row; Figure S1B). Among participants with obesity, 70% showed progression, whereas only 34% of nonobese participants showed progression (Figure [3](#jah31617-fig-0003){ref-type="fig"}, lower row; Table S1). To further explore the relationship between BMI and carotid disease progression, we stratified BMI as normal weight (BMI \>18.5 and ≤25), overweight (BMI \>25 and ≤30), and obese (BMI \>30). Figure [4](#jah31617-fig-0004){ref-type="fig"}A shows the carotid volume change for each category. The carotid wall volume change in normal‐weight and overweight participants was negative (−4.2% and −3.5%, respectively), as opposed to the positive change (+4.8%, progression) in the obese group (*P*=0.045).

![Upper row shows univariate comparisons of continuous carotid wall volume change. A, Change for participants with low BMI (light blue) vs high BMI (dark blue). B, Change in participants with (dark blue) and without (light blue) hypertension. C, Change in participants with a high statin dose (≥40 mg Simvastatin, dark blue) and low statin dose (light blue). D, Change in participants with an AHA risk \<7.5% (light blue) or ≥7.5% (dark blue). Lower row shows corresponding percentages of participants experiencing progression of carotid wall volume (change \>0). Obese and hypertensive participants had greater wall volume change and more frequently showed carotid artery disease progression (\**P*\<0.05). AHA indicates American Heart Association; BMI, body mass index.](JAH3-5-e003621-g003){#jah31617-fig-0003}

![A, Change in carotid wall volume in normal‐weight, overweight, and obese participants. Obese patients showed wall volume increase (progression) opposed to normal‐weight and overweight participants (\**P*\<0.05). B, Change in carotid wall volume in relation to quartiles of statin dose. There was a stepwise reduction in wall volume change with increasing dose (inverse correlation, *P*=0.038). BMI indicates body mass index.](JAH3-5-e003621-g004){#jah31617-fig-0004}

### Hypertension {#jah31617-sec-0016}

The relative change of carotid wall volume in hypertensive and nonhypertensive participants was +1.3% and −4.2%, respectively (*P*=0.043). Of the hypertensive participants, 53.7% showed progression, whereas in the nonhypertensive participants, only 32.7% showed progression.

### Statin dose {#jah31617-sec-0017}

The median change of atheroma volume was −4.2% in participants on a higher statin dose (≥40 mg simvastatin or equivalent) versus +2.13% in participants on a lower dose (*P*=0.22). When categorized as progression or regression/no change, participants receiving a higher statin dose showed progression less frequently compared with participants on a lower statin dose (33% versus 55%, *P*=0.023). There was no significant association with the specific statin drug that was used (*P*\>0.05). To visualize the relation between statin dose and change in carotid atheroma, the rate of change was plotted for each quartile of statin dose (Figure [4](#jah31617-fig-0004){ref-type="fig"}B, upper panel), and the percentage of participants with progression is shown (Figure [4](#jah31617-fig-0004){ref-type="fig"}B, lower panel). Figure [4](#jah31617-fig-0004){ref-type="fig"}B shows a stepwise reduction in progression with higher statin doses (inverse correlation, Kendall\'s τ, *P*=0.038).

Multivariable Analysis {#jah31617-sec-0018}
----------------------

In multivariable logistic models, the associations between increase in carotid wall volume (progression) and the parameters obesity and statin dose remained significant (*P*=0.007 and *P*=0.049, respectively), whereas other risk factors such as hypertension, age, sex, or LDL showed no significant association (categorized progression model in Table [2](#jah31617-tbl-0002){ref-type="table-wrap"}).

In addition, we performed a linear regression analysis using percentage of carotid wall volume change as the dependent variable (continous progression model in Table [2](#jah31617-tbl-0002){ref-type="table-wrap"}). In the univariate analysis, obesity and hypertension showed significant associations with carotid wall volume change. In the multivariable linear regression models, only obesity remained significantly associated (*P*=0.031).

Calcium Score Results {#jah31617-sec-0019}
---------------------

To provide additional context for the observations at the carotid artery, we also evaluated change in the CAC score. Of 106 participants, 82 (77%) had a nonzero calcium score at baseline (median CAC score 199). Follow‐up CAC was available for 73 participants, of which 90.4% showed an increased CAC score. The median rate of change of CAC was +13.5% per year. There was no association of change in CAC score with sex, age, obesity, or hypertension in univariate or multivariable models (*P*\>0.05 for all comparisons).

Discussion {#jah31617-sec-0020}
==========

New guidelines for statin therapy indicate that nearly 50% of adults aged 40 to 75 years may be eligible for lifelong statin therapy[22](#jah31617-bib-0022){ref-type="ref"}; however, the relationship between lipid reduction and change in atherosclerosis has been studied primarily in high‐risk patients undergoing repeated invasive coronary angiograms. In this study, we examined the progression of carotid atherosclerosis in a population with low to moderate Framingham risk who were eligible for statin therapy. Cholesterol levels were tightly controlled (on‐treatment LDL 74 mg/dL); however, 43% of participants showed progression of carotid atherosclerosis. In adjusted models, obesity was associated with atherosclerotic progression. Carotid MRI identified progression of atherosclerosis in obese participants despite optimal medical therapy and a greater reduction of LDL in obese versus nonobese participants.

Statin therapy has become a mainstay of preventive medicine. Despite an enormous amount of evidence showing that statin therapy can reduce cardiovascular events and may induce plaque regression, clinical experience shows that this protective effect is not present in all patients. The Heart Protection Study showed that simvastatin therapy was associated with an 18% reduction in cardiac death rate and a 24% reduction in cardiovascular events compared with placebo[23](#jah31617-bib-0023){ref-type="ref"}; conversely, 76% of the cardiovascular events occurred despite statin therapy. IVUS studies have confirmed that statin treatment reduces the rate of atherosclerosis progression.[11](#jah31617-bib-0011){ref-type="ref"} A pooled analysis of 6 IVUS trials[24](#jah31617-bib-0024){ref-type="ref"} showed regression of atherosclerosis at the population level (median reduction of atheroma volume −2.4 mm^3^), but more than a third of participants had atheroma progression despite statin treatment. The results of IVUS studies for high‐risk participants have not been confirmed previously for lower risk study participants. Repeated cardiac catheterizations and IVUS are not possible for such patients because of ethical concerns.

In the current study, participants were not preselected for symptomatic carotid artery disease, received frequent monitoring of statin treatment with medications provided by the study protocol, and had relatively well‐controlled blood pressures. The median treatment level of LDL cholesterol was 74 mg/dL, corresponding to ≈50% reduction of pretreatment levels and indicating good drug compliance in a tightly controlled trial in which we had contact with study participants at 3‐month intervals. The associations of hypertension (univariate), CRP (univariate), and lower statin dose (in univariate and multivariable categorized models) with plaque progression were expected and corroborate the validity of the analysis. Despite good LDL cholesterol reduction, obesity remained a predictor of progression of atherosclerosis. The individual LDL response to statin therapy is well known to be variable: ≈20% of patients have diminished response to statin therapy.[3](#jah31617-bib-0003){ref-type="ref"} The majority of obese participants showed progression of carotid atherosclerosis even after adjustment for LDL cholesterol levels. Our noninvasive MRI results are in agreement an IVUS analysis, showing that obese participants had significantly more progression of coronary atherosclerosis compared with nonobese participants.[25](#jah31617-bib-0025){ref-type="ref"}

In an analysis of \>800 000 participants, obesity was associated with elevated mortality mainly due to cardiovascular causes.[26](#jah31617-bib-0026){ref-type="ref"} The underlying biological mechanisms are not fully clear yet.[27](#jah31617-bib-0027){ref-type="ref"} Obesity is a modifiable risk factor, and weight loss has beneficial effects on lipid profile and inflammation.[28](#jah31617-bib-0028){ref-type="ref"} A possible link among inflammation, obesity, and progression of atherosclerosis was also seen in our study, in which CRP levels in obese participants were significantly higher compared with nonobese participants, and CRP was associated with plaque progression in univariate analysis. It could be hypothesized that non‐LDL proatherogenic mechanisms like inflammation play a role in plaque progression in obese persons.

Our results are in line with prior reports of study participants with extensive carotid disease, showing that regression of carotid wall measurements during lipid‐lowering therapy can occur.[12](#jah31617-bib-0012){ref-type="ref"}, [13](#jah31617-bib-0013){ref-type="ref"} Table [3](#jah31617-tbl-0003){ref-type="table-wrap"} provides an overview of prior studies.[15](#jah31617-bib-0015){ref-type="ref"}, [29](#jah31617-bib-0029){ref-type="ref"}, [30](#jah31617-bib-0030){ref-type="ref"} Many factors influence the overall changes in atherosclerosis including study population, prior statin therapy, and intensity of statin therapy. Our study included participants who were not selected for symptomatic carotid plaque, resulting in a mostly primary prevention population with relatively lower cardiovascular risk compared with prior studies. To our knowledge, this is the first noninvasive imaging study that has identified obesity as a factor in atherosclerosis progression in study participants receiving optimal medical therapy for hypercholesterolemia.

###### 

Prior Studies Using Magnetic Resonance Imaging for Serial Assessment of Carotid Atherosclerosis

  Study                                                   N     Inclusion Criteria                                            Risk Characteristics                                                  Design                            Follow‐up, mo   Result Summary
  ------------------------------------------------------- ----- ------------------------------------------------------------- --------------------------------------------------------------------- --------------------------------- --------------- -----------------------------------------------------
  Corti et al[12](#jah31617-bib-0012){ref-type="ref"}     51    Aortic or carotid plaque \>2 mm, on statin                    30% current smoking, 19% diabetes                                     Prospective                       6, 12, 18, 24   −14% at 1 year, −18.5% at 2 years
  Saam et al[29](#jah31617-bib-0029){ref-type="ref"}      74    Carotid stenosis 50--79%                                      69% hypertension, 17% diabetes, 48% CAD, 34% stroke                   Prospective                       18              +2.2% per year
  Boussel et al[16](#jah31617-bib-0016){ref-type="ref"}   108   Carotid stenosis \>50%                                        24% diabetes, 82% hypertension, 34% prior stroke/TIA, 44% known CAD   Prospective, multicenter, 1.5 T   12              +7.9 per year (no statin), +1.14% per year (statin)
  Migrino et al[14](#jah31617-bib-0014){ref-type="ref"}   26    Coronary or cerebrovascular disease and increased IMT         58% CAD, 42% cerebrovascular disease                                  Prospective, 3 T                  6               −5.8% at 6 months
  Sibley et al[13](#jah31617-bib-0013){ref-type="ref"}    145   Prior cardiovascular event or \>50% vessel stenosis           22% diabetes, 51% angina, 11% stroke                                  Prospective, randomized           6, 12, 18       −6% to −8.4% per year
  Takaya et al[15](#jah31617-bib-0015){ref-type="ref"}    29    Carotid stenosis 50--79%                                      53.3% CAD, 33.3% diabetes, 80% hypertension                           Prospective                       18              +6.8% (hemorrhage), −0.15% (control)
  Xu et al[30](#jah31617-bib-0030){ref-type="ref"}        73    Presence of disrupted surface and/or intraplaque hemorrhage   46% CAD, 26% diabetes, 85% hypertension                               Prospective                       36              On average +2.2% per year
  Present study                                           106   Indication for lipid therapy                                  8% Framingham risk, 11% diabetes, 52% hypertension                    Prospective                       12              −1.3% per year

CAD indicates coronary artery disease; IMT, intima‐media thickness; TIA, transient ischemic attack.
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A limitation of this study is that longer duration of outcomes would be desirable. In relation to the effect size, the current sample size and the follow‐up time are limitations. We focused on therapeutic response as progression or regression of atherosclerosis, as an analogy to similar prior trials using IVUS. In addition, most participants received statin treatment prior to this study. As recently reviewed, high rates of statin use are now present in most clinical trials.[31](#jah31617-bib-0031){ref-type="ref"} The duration of prior statin use was not recorded. Prior use of statins may decrease the observed response of atheroma compared with statin‐naïve participants. Nevertheless, LDL values showed a significant reduction during the trial likely because of higher statin doses and good adherence to treatment. A separate control group was not considered to be feasible because all participants had clinical indication for statin therapy; each participant served as his or her own control in longitudinal analysis.

Conclusions {#jah31617-sec-0021}
===========

In summary, obesity was associated with progression of carotid atherosclerosis in a low‐ to moderate‐risk population treated with optimal statin therapy. Because LDL cholesterol levels were well controlled, our results suggest that serum cholesterol monitoring alone does not reflect changes in atheroma in obese or other high‐risk participants. The use of imaging to monitor atherosclerosis treatment may improve clinical outcomes and may be useful for providing more personalized medical therapy.
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**Table S1.** Number of Participants Who Had Carotid Plaque Volume Increase (Progression) or Decrease/No Change (Regression) by Covariate Category

**Figure S1.** Percentage of change of carotid wall volume: histogram (left panel); density plot (right panel; red: nonobese participants; blue: obese participants).
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Click here for additional data file.
